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The carbon dioxide (CO2) concentration of the atmosphere has been increasing rapidly, and this rapid
change has led to promotion of CO2 reduction methods. Of all the available methods, CO2 mineral
carbonation provides a leakage-free option to produce environmentally benign and stable solid
carbonates via a chemical conversion to a more thermodynamically stable state. In this research, the
precipitation of calcite from by-product red gypsum was evaluated for mineral CO2 sequestration. For
this purpose, the impact of changing variables such as reaction temperature, particle size, stirring rate,
and liquid to solid ratio were studied. The results showed that optimization of these variables converts
the maximum Ca (98.8%) during the carbonation process. Moreover, the results conﬁrmed that red
gypsum has a considerable potential to form calcium carbonate (CaCO3) during the CO2 mineral
carbonation process. Furthermore, the low cost and small amount of energy required in the use of by-
product red gypsum were considered to be important advantages of the CO2 sequestration process.
Therefore, the acceptable cost and energy required in mineral carbonation processing of red gypsum
conﬁrms that using this raw material represents a method for mineral carbonation with minimal
environmental impact.Introduction
Increasing greenhouse gas concentration, especially CO2, is
the most signicant factor inuencing global temperature
increases. To minimize the impact of CO2 emissions,
concentrations of CO2 should be stabilized by reducing its
release into the atmosphere.1 There are several methods
established for CO2 sequestration such as geologic storage
and ocean storage,2,3 and mineral carbonation. Among these
various approaches, mineral carbonation is considered to be
an interesting method that involves the process by which CO2
is removed from the atmosphere and is sequestrated in stable
minerals that are formed through its reaction.4–6 Common
elements which can be used for mineral carbonation are
calcium (Ca) and magnesium (Mg), where atmospheric CO2
reacts with Ca2+ or Mg2+ to form solid carbonates.7–14 Many
industrial wastes such as lignite y ash, mining waste, and
steel slag containing large amounts of Ca2+/Mg2+ have been
evaluated as potential raw materials for CO2 sequestration
processing.10,11 However, red gypsum is a new Ca-richulty of Petroleum and Renewable Energy
, UTM, 81310, Johor, Malaysia. E-mail:
il.com; Tel: +60 147217584
Mahabad, Iran
llington House, Starley Way, Birmingham
37 7HB, UK
tion (ESI) available. See DOI:
57feedstock that has not yet been addressed for mineral
carbonation processing. This study focused on the reaction of
by-product red gypsum because it is readily available in
Malaysia and is mostly deposited into landlls (e.g., landll of
Huntsman Tioxide, Terengganu). Huntsman Tioxide is one of
the world's largest producers of TiO2 pigments. The capacity
of its plant in Malaysia is about 56 000 metric tonne per year.10
The titanium dioxide industry in Malaysia produces 1 million
t of red gypsum annually that could be utilized for CO2
sequestration.10 This industrial by-product contains approxi-
mately 32.2% CaO,10,11 which makes it a potential feedstock
for mineral carbonation purposes. According to Claisse
et al.,15 red gypsum, which contains approximately 75%
gypsum and 25% iron, is an omnipresent feedstock in
industrialized societies. Red gypsum is a by-product of tita-
nium dioxide (TiO2) production using sulfate processing.15
The addition of limestone during ue gas desulfurization
produces gypsum, which along with that precipitated during
acid neutralization are the main sources for by-product red
gypsum production.
The main objectives of the current study are:
(1) To determine the rate of dissolution and carbonation of
red gypsum in order to optimize the process of mineral CO2
sequestration and to test the eﬀect of variables such as reaction
temperature, stirring rate, liquid to solid ratio, and particle size.
(2) To determine the cost and energy required in dissolution
and in the carbonation of red gypsum and to assess the envi-
ronmental issues associated with mineral CO2 sequestration.This journal is © The Royal Society of Chemistry 2014
Paper RSC Advances
Pu
bl
ish
ed
 o
n 
15
 S
ep
te
m
be
r 2
01
4.
 D
ow
nl
oa
de
d 
on
 8
/2
7/
20
18
 2
:0
5:
53
 A
M
. 
View Article OnlineExperimental section
Materials
More than ve kilograms of red gypsum, as a main rawmaterial,
were obtained from the local landll of Huntsman Tioxide,
Terengganu, Malaysia. Characterization of fresh red gypsum
samples and the resulting products was performed using X-ray
uorescence (XRF, PW-1410 Philips), X-ray diﬀraction (XRD,
X'Pert-MPD Philips), eld emission scanning electron micros-
copy (FESEM, SU8200 Hitachi), energy dispersive X-ray spec-
trometer (EDX), and inductively coupled plasma mass
spectrometry (ICP-MS, 4500 HP) analyses. Furthermore, the
particle size of the by-product red gypsum samples was
measured with a particle size analyzer (Micrometrics ASAP-
2020). The nal product phases were also determined using
XRD and thermogravimetric (TGA, Q500) analyses.
The collected samples were dried in an oven at 45 C for 24 h
to remove surface water but prevent dehydration. To dissolve
the Ca and Fe components in red gypsum sample, diﬀerent
amounts of sulfuric acid (H2SO4) at diﬀerent concentrations
were used. Numerous tests were conducted in this study to
establish the optimum amount and concentration of H2SO4,
which are 1.5 M and 35%, respectively. Subsequently, diﬀerent
amount of ammonium hydroxide (NH4OH) were tested to
extract the Fe and then the Ca components from solution. In
this study, the optimum amount of NH4OH is 2.1 M.Experimental apparatus
The carbonation of red gypsum samples was carried out in a 150
ml reactor. To set up the instrument for mineral carbonation
processing, a gas cylinder of CO2 with a purity of 99.99% was
attached to the reactor (Fig. 1). In addition, a CO2 ow-meter
regulator (HPT-GAR-398CR Hero) was installed to the cylinder
to control the ow rate of injected CO2 and calculate the netFig. 1 (a) A schematic diagram of experimental set-up and (b) its
procedure.
This journal is © The Royal Society of Chemistry 2014volume (%) of inlet gas. Moreover, a hose that was 2 m in length
and 6.4 mm in diameter was connected to both the ow-meter
regulator and the reactor. A digital set reactor controller with a
hall sensor feedback (input power supply: 220 V; 50 Hz) was
embedded in the reactor to control stirring speed and temper-
ature. CO2 was introduced into the reactor at diﬀerent partial
pressures (up to 30%) and combined with solution rich in Ca
and NH4OH.Experimental procedure
The dissolution process includes two stages: impurity removal
and metal extraction. At the beginning of the dissolution
experiment, 10 grams of dried red gypsum sample with a
dened particle size of <75 mm was poured into a beaker and
dissolved in 1.5 M H2SO4 (equal to 143 ml in concentration of
35%). The dissolution experiment was performed using a
magnetic stir bar at a temperature of 60 C and a pressure of 1
atm in a batch water heater. Two hours aer the H2SO4 was
added to the fresh red gypsum sample, the rst residual product
was removed from the solution aer sedimentation and then
ltration. The Ca- and Fe-rich solution was ltered to separate
undissolved and impure particles. Therefore, the main aim of
using H2SO4 was to remove impurities and extract Fe as the
main metal from red gypsum samples.
Because a surplus of H2SO4 was used for dissolving by-
product red gypsum samples, the solution that was formed
was acidic (pH  2.5). Therefore, in the second stage, an
amount (100 ml of 2.1 M NH4OH) of ammonia was added to the
Ca- and Fe-rich solution to increase the pH value to 8.6 and
create the second product. The dissolution experiment was also
performed using amagnetic stirrer bar at ambient conditions in
a beaker. At the end of this stage, Fe was extracted from the Ca-
and Fe-rich solution. Because the indirect aqueous mineral
carbonation of red gypsum samples are selected as the main
route of carbonation process in this study, it was necessary to
extract the Fe prior to CaCO3 precipitation. The remaining
solution is rich in Ca. Subsequently, the pH value of solid
solution was increased by adding 3 ml 2.1 M NH4OH to a pH
of 9.5.
The carbonation experiment was carried out in a 150 ml
autoclave mini reactor (500 mm in height and 10 mm in
diameter). The reactor was overloaded with the solution before
being heated. Aer overloading, CO2 was introduced to the
reactor with partial pressures ranging from 1 to 30% in the
basis of increasing reaction temperature and time. A mass ow
controller was used to regulate the ow of CO2 gas. At the same
time, the reactor was heated electrically and its temperature
monitored by a thermocouple connected to the digital set
reactor controller, maintaining a xed temperature between
25 and 150 C. Various stirring rates up to 600 rpm were
applied. However, the stirring rate of 400 rpm proved to be the
optimum rate to improve the dissolution of CO2 in the Ca-rich
solution. This was because CO2 and Ca-rich solution had
diﬀerent densities, and thus, they formed distinct lines at
higher stirring rates. At rates lower than the optimum rate, the
reaction between the Ca-rich solution and the injected CO2RSC Adv., 2014, 4, 45548–45557 | 45549
RSC Advances Paper
Pu
bl
ish
ed
 o
n 
15
 S
ep
te
m
be
r 2
01
4.
 D
ow
nl
oa
de
d 
on
 8
/2
7/
20
18
 2
:0
5:
53
 A
M
. 
View Article Onlinewas not signicant. The carbonation experiments were per-
formed over the course of 3 h, aer which the precipitated
CaCO3 was separated from the solution and collected as the
nal product.
In the carbonation step, Ca in the solution reacted with CO2
to form the third product, CaCO3. The dissolution of the Ca
2+
cation and then its reaction with CO2 to precipitate CaCO3 was
considered to be an essential factor in the mineral carbonation
process of red gypsum. Because the Ca2+ cation is present in
both the dissolution and carbonation steps, it was expected to
form the stable carbonated mineral. The mechanism of CO2
sequestration during the carbonation experiment is illustrated
in the following reactions (eqn (1)–(4)).
(1) The of CO2 dissolution in water (eqn (1) and (2)).
(2) Carbonate ion formation (eqn (2)).
(3) Calcium sulfate dissolution (eqn (3)).
(4) Calcium carbonate precipitation (eqn (4)).
CO2 (g)/ CO2 (aq) (1)
CO2 (aq) + H2O/ CO3
2 + 2H+ (2)
CaSO4 (s) + 2H
+/ 2Ca+ + H2SO4 (3)
2Ca+ + CO3
2/ CaCO3 (s) (4)Determination of Ca conversion and CO2 uptake
The amount of Ca conversion (eqn (5)) was calculated from the
amount of precipitated CaCO3 and the amount of Ca in solution
normalized to the Ca content of initial red gypsum samples. It
was assumed that only Ca is carbonated during the mineral
carbonation process. Moreover, the reactor was designed on the
basis of no substantial material loss due to leakage.Ca conversion ð%Þ ¼ Ca
2þ½ðprecipitated as CaCO3Þ  achieved product
Ca2þðas CaO in by-product red gypsumÞ  sample used  100 (5)The rate of CO2 uptake (mmol g
1) in the system was
determined by measurement of the CO2 concentration of the
exhaust gas using an optical IR-sensor (Vaisala, GMP221) and
from known gas ue. The partial pressure of CO2 was calculated
from the CO2 concentration measured at atmospheric gas
pressures (eqn (6)).
CO2 uptake

mmol g1
 ¼Xn
i
ðpCO2in  pCO2outÞi  DtQ
R T M
(6)
In eqn (6), pCO2 out and pCO2 in aremean value of pCO2 in the
outow and partial pressure of CO2 ranged between 10 and
30%, Dt and Q are time interval (min) and ow rate (L min1), R45550 | RSC Adv., 2014, 4, 45548–45557and T are gas constant (8.32 J mol1 K1) and temperature (K),
andM is mass of by-product red gypsum (g). Additionally, based
on the amount of procedure variables such as reaction
temperature, stirring rate, liquid to solid ratio, and particle size;
CO2 uptake in red gypsum suspension were experimentally
determined.Energy consumption and cost analysis
The red gypsum sample was crushed to maximize the surface
area of mineral available for reaction. Apart from grinding, the
samples needed a temperature of up to 150 C in order to
achieve optimum results. This process consumes energy and is
considered to be costly. Therefore, Bond's equation was
employed for calculating the energy consumption W:
W ¼ 0:01Wi

1ﬃﬃﬃﬃ
d1
p  1ﬃﬃﬃﬃ
d0
p

(7)
In the eqn (7),W andWi are the required energy to reduce the
particle size and the experimental work index of the red gypsum
in kW h t1, respectively. In addition, d0 is the original particle
size while d1 accounts for the nal crushed size. According to
Hangx and Spiers,16 the value of work index can be determined
from the hardness of raw materials. In this way, the work index
for red gypsumwas calculated as 10.77 kW h t1 (see ESI A†). On
the other hand, to reach the nal size of particle, ultra-ne
grinding was done to the particles less than 38 mm and an
extra multiplier (eqn (8)) was applied to eqn (7). The amount of
energy consumption during grinding to 38 mm and ultra-ne
grinding to 10 mm of samples was 0.185 and 0.643 kW h t1,
respectively.
W ¼ 0:01Wi

1ﬃﬃﬃﬃ
d1
p  1ﬃﬃﬃﬃ
d0
p

 ð10:6 10
6 þ d1Þ
1:145 d1
(8)Furthermore, a preliminary cost analysis; including feed-
stock cost, chemical consumption, and energy consumption
was developed based on the conducted experiments. It was
assumed that red gypsum samples are transported approxi-
mately 100 km from the factory to storage place. According to
Hangx and Spiers,16 this represents approximately 10.3 kg per t
CO2 embedded CO2 and a cost of approximately $7–$15 (average
$11) per tonne of by-products.
Results and discussion
Red gypsum characterization
As shown in Fig. 2, XRD results showed that calcium sulfate or
gypsum mineral (CaSO4$2H2O) is the dominant component inThis journal is © The Royal Society of Chemistry 2014
Fig. 2 X-ray diﬀraction of bulk red gypsum sample.
Table 1 Chemical composition of fresh red gypsum sample, con-
ducted by XRF in major components and by ICP-MS in minor
components and trace elements
Major component (wt%) Trace elements (ppm)
CaO 32.20 V 443.5
SO3 31.60 Cr 117.5
Fe2O3 28.99 Co 11.5
TiO2 5.640 Ni 35.0
Cu 256.0
Zn 239.0
Minor component (wt%) Trace elements (ppm)
As 11.5
MnO 0.410 Zr 267.0
A12O3 0.390 Nb 116.0
Eu2O3 0.260 Cd 1.4
V2O5 0.220 Sc 11.5
CuO 0.063 Pt 109.0
ZnO 0.040 Ce 113.0
SrO 0.032 Pb 36.0
Cr2O3 0.032 Th 32.5
HgO 0.030 Ir 1.6
Fig. 3 Particle size distribution of red gypsum.
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View Article Onlinethe sample (see ESI B†). The fresh samples consists of three
major components: CaO (32.20 wt%), SO3 (31.60 wt%), and
Fe2O3 (28.99 wt%), in addition to a high portion of TiO2 (5.64
wt%), which was determined by XRF analysis (Table 1). Unsur-
prisingly, the main constituents of the samples were compa-
rable to those detected in Fauziah et al.17 The high portions of
CaO and SO3 in the mineral composition of red gypsum
samples conrmed that they could be considered as a potential
feedstock for the mineral carbonation process. Therefore, it is
important to focus on these two main components. It is also
signicant to note the high content of TiO2 in the mineral
composition of red gypsum samples. According to Gazquez
et al.,18 it is not surprising to detect a high amount of TiO2 in by-
product red gypsum (i.e., 5%), the recovery of which could
lead to a substantial improvement in the industrial process
eﬃciency. Furthermore, this by-product contains a largeThis journal is © The Royal Society of Chemistry 2014amount of hydrated Fe2O3 which accounts for its district red
color. In addition, the fresh sample includes very low amounts
of impurities such as Hg, Zn, Cu, and Cr (conducted by ICP-MS)
representing substantially less than 1 wt% of the total and these
were not considered to be signicant. Moreover, the red gypsum
sample was analyzed for trace element concentrations using
ICP-MS. The evaluation of the major components conrmed
that there was uniformity in the composition of the red gypsum.
In addition, the composition uniformity of the samples was
replicated in the trace elements study.
In addition, the particle size distribution of the red gypsum
sample was measured by particle size analysis (Fig. 3). This
method uses light dispersion of particles that are suspended in
water and to obtain a high-level of dispersion, these samples
were stored for 24 hours prior to measurement. Subsequently,
each prepared sample was introduced to a magnetic separator
and was then stirred at up to 600 revolution per minute (rpm).
Finally, the sample was collected and particles size distribution
was measured by a laser diﬀraction using a MASTERSIZE 2000
system. The particle size analyzer results indicated that the
particle size of samples is dominantly in the range of less than
10 to more than 100 mm. As shown in Fig. 3, most particles (over
70%) are smaller than 75 mm in the samples that were analyzed.
Overall, no noticeable changes were observed in the particle size
distribution between the two samples.Reaction mechanisms
Fig. 4–6 are FESEM photomicrographs of by-product red
gypsum samples at diﬀerent stages of processing. In both the
dissolution and carbonation experiments, the change in the
morphology of the particle surface was pronounced, as the
solids converted from gypsum to calcite. We note however, that
some unreacted components persist during the transformation
of the bulk mineralogy, such as that shown in Fig. 4a. EDX
analysis showed that the unreacted particles are mainly
composed of TiO2. At the end of dissolution experiment, the Ca-
and Fe-rich solution was ltered via a Whatman paper for
extracting the second product. EDX analysis conrmed that this
waste product is rich in Fe (Fig. 4b).RSC Adv., 2014, 4, 45548–45557 | 45551
Fig. 4 FESEM photomicrographs with EDX analysis of the ﬁrst (a) and second (b) products in mineral carbonation of red gypsum samples.
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View Article OnlineAer the dissolution experiment, there was a porous coating
in carbonated particles that was not present on uncarbonated
ones (Fig. 5a). Some unreacted particles are observed on theFig. 5 FESEM photomicrographs of (a) carbonated particle surrounded
photomicrograph (c) shows the crystal symmetry of CaCO3 that is trigo
sample conﬁrmed that the chemical composition of the third product c
45552 | RSC Adv., 2014, 4, 45548–45557surface of carbonated ones. This suggests that the presence of
Fe in the Ca–Fe–O phase may restricts the rate of red gypsum
dissolution. Subsequently, by removing the Fe content from theby porous coating and (b) metastable stage of the third product. The
nal-rhombohedral. (d) X-ray diﬀraction analysis upon a ﬁnal product
onsists of CaCO3.
This journal is © The Royal Society of Chemistry 2014
Fig. 6 The eﬀect of procedure variables (a) reaction temperature, (b)
stirring rate, (c) liquid to solid ratio, and (d) particle size on conversion
of Ca to CaCO3 in mineral carbonation process.
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View Article Onlinesolid solution as the second product, the unstable CaCO3 crys-
tals appeared. In the upper level of mineral carbonation,
unstable crystals of CaCO3 tended to form stable ones. Fig. 5b
shows the intermediate level of converted crystal symmetryThis journal is © The Royal Society of Chemistry 2014from the unstable stage to the stable stage of the third product.
In Fig. 5c, the crystal symmetry of the third product is shown as
a trigonal-rhombohedral. The chemical composition of the
third product (i.e., CaCO3) was determined using X-ray diﬀrac-
tion (Fig. 5d). To achieve this CaCO3 symmetry (i.e., stable
form), the process variables were optimized as follows:
Temperature. The dissolution rate of the samples with a
mean particle size fraction of 38 mm was veried at tempera-
tures from 25 C to 150 C (Fig. 6a). As anticipated, the
temperature had an important eﬀect on the mineral carbon-
ation process of extracting Fe and Ca and precipitation of
CaCO3. As shown in Fig. 6a, the maximum amount of Ca con-
verted to CaCO3 is 98.8%, which occurred at 60 C. The
temperatures above 60 C had an opposite eﬀect on the disso-
lution capabilities for each element that was veried. It could be
concluded that the structure of gypsum is unstable at temper-
ature above 60 C and the decomposition of the chemical begins
and the dissolution of CO2 in Ca-rich solution decreases. On the
other hand, the maximum amount of Ca conversion was 75% at
higher temperatures, i.e., more than 60 C, which was consid-
ered to be an opposite eﬀect. Therefore, when the temperature
was higher than 60 C, the amount of Ca conversion was
signicantly decreased.
The temperature eﬀect indicated that three factors inuence
the reaction rate of CaCO3: Ca leaching at temperature from 25
C to 60 C, CaSO4 stability at temperature above 60 C, and CO2
dissolution temperatures above 150 C. As expected, the rate
and extent of the reaction increase with increasing temperature
to 60 C because the eﬃciency of the reaction improved with
increasing temperature to 60 C. To translate these ndings into
a commercially viable process, recovery of the reaction heat
from the initial stages would signicantly decrease CO2 disso-
lution at higher temperatures.
Stirring rate. Based on results of the initial tests, the
maximum conversion of Ca occurs at a stirring rate of 400 rpm
by considering the optimum reaction temperature (60 C).
Increasing the stirring rate more than 400 rpm had a reverse
eﬀect on the conversion of Ca. We suggest that this is due to
exsolution of gaseous CO2 (out-gassing) through mechanical
agitation. Furthermore, the fast transformation of Ca2+ from the
surface of particles into Ca-rich solution could be considered as
another possible eﬀect of stirring rate upon the conversion of
Ca. It can be concluded that the particles in Ca-rich solutions
tend to diﬀuse Ca from their inner parts to the surface, and
consequently, this process controls the carbonation rate. As
stirring rate increased to 400 rpm, the CO2 transfer enhanced in
the Ca-rich solution to15.80 wt% (Fig. 6b). This enhancement
in CO2 transfer is due to rising disorder between the liquid and
gas borderline.
Liquid to solid ratio (L/S). As shown in Fig. 6c, the highest
eﬃciency of Ca conversion (98.8%) was reached with the
lowest L/S ratio (10 ml g1). When the L/S ratio increased to 30
ml g1, the conversion of Ca slightly decreased to 91%.
Moreover, increasing the L/S ratio to 100 ml g1 caused to a
decrease in Ca conversion to 75%. Nevertheless, the L/S ratio
constantly increased to 200 ml g1, and the conversion eﬃ-
ciency of Ca increased to 82%. Increasing the high L/S ratioRSC Adv., 2014, 4, 45548–45557 | 45553
Fig. 7 Plot of diﬀerent particle sizes of carbonated red gypsum sample
and volume of CO2 trapped during half an hour.
RSC Advances Paper
Pu
bl
ish
ed
 o
n 
15
 S
ep
te
m
be
r 2
01
4.
 D
ow
nl
oa
de
d 
on
 8
/2
7/
20
18
 2
:0
5:
53
 A
M
. 
View Article Onlineincreased the possibility of interactions between particles.
When the product layer was developed by collision of particles,
the CaSO4 particles located below the product layer could react
with the reactive component (e.g., NH4OH). It is suggested that
increased conversion eﬃciency increases the diﬀusion of reac-
tive components in the pore spaces of particles.19,20
Particle size. The eﬀect of particle size was tested by applying
4 diﬀerent ranges of samples in the metal extraction (dissolu-
tion) and carbonation experiments: <75, 75–125, 125–200, and
>200 mm. Fig. 6d shows that decreasing the grain size from >200
mm to < 75 mm caused the conversion rate of Ca to increase from
37% to 98.8%, respectively. Reducing particle size caused an
increase in particle surface area, which resulted in enhanced
reaction rates. Therefore, decreasing the average grain size by
3 times led to a 2-fold increase in the rate of Ca conversion.
Mass balance: the amount of Ca conversion
The XRF results revealed that the initial amount of calcium in
the red gypsum samples averages at around 32.2% by mass. In
each carbonation experiment, a xed mass (10 g) of gypsum was
used for the quantitative reactions. The results showed that only
calcium was involved in carbonation and the amount of CaCO3
produced during the carbonation step was 6.332 g. The ICP-MS
analysis revealed that the amount of Ca2+ precipitated as CaCO3
is 50.25%. The amount of Ca converted, which was determined
from eqn (5), is therefore 98.8%.
TGA test was carried out on the nal product obtained aer
the carbonation experiment on red gypsum sample and these
results were supported by XRD analysis for the nal product (see
Fig. 5d). The reaction product was conrmed to be CaCO3 –
mainly calcite with minor quantities of metastable vaterite. The
peaks at 26.84 and 39.72 are assigned to vaterite, while peaks
at 23.50, 29.20, 31.32, 33.56, 40.88, 43.74, 48.08, 50.56,
and 56.88 are assigned to calcite. Thermal analysis (TGA)
conrms these ndings and suggests the calcium carbonate
produced is quite pure.
Rate of CO2 uptake
As described previously, the process variables such as reaction
temperature, particle size, liquid to solid ratio, and stirring
speed inuence the rates of CaCO3 precipitation and CO2
uptake. Fig. 6a shows the reaction temperature from 25 C to
60 C and its inuence on CO2 uptake. The controlling mech-
anisms are dominated by the relative solubility of the
compounds involved: gypsum (stable at low temperatures) and
anhydrite (stable at elevated temperatures) and the rather non-
linear change of carbonate mineral and CO2 solubility with
temperature.
Fig. 7 illustrates that the rate of CO2 uptake for all particle sizes
was highest within the rst 15 minutes of reaction. The smallest
particle size (d38: <75 mm) exhibits the highest rate of CO2 uptake
as would be expected from its increased surface area (Table 2).
Considerations for industrial scale-up
The calculations and data used in performing energy balance
estimates for the process are shown in ESI D† (SID1-SID3). We45554 | RSC Adv., 2014, 4, 45548–45557have previously shown that the amount of energy consumption
for the mining procedure of by-product red gypsum is negli-
gible. Moreover, the amount of energy consumption for opera-
tion of ltration and crushing is 0.25 and 0.643 (kW h per t
CO2), respectively. Furthermore, the work index for red gypsum
sample is considered to be 10.77 kW h t1, which involves the
thermal decomposition of sample.
The amount and cost of chemicals needed for the mineral
carbonation process of red gypsum are given in SID4. In the
input route, NH4OH is produced by dissolving equal amounts of
NH3 solution and distilled water (e.g., 1 ml of water and 1 ml of
NH3). Under conditions with the optimum L/S ratio of
10 ml g1, the cost of one tone of CO2 sequestration is 208.44
US$ in this process. In these estimates, the highest costs are due
to the NH3 solution and sulfuric acid requirements (i.e., 97.02
and 89.76 US$), which are 46.5% and 43.1% of the total cost,
respectively. It could be argued that the cost of raw materials is,
in part, related to the rate of CO2 uptake. Additionally, the L/S
ratio inuences the amount of energy consumed. Because the
rate of CO2 uptake decreases at the maximum L/S ratio more
chemicals and raw materials are needed for storage of CO2.
Furthermore, the rates of dissolution and CO2 uptake inuence
the amount of products obtained and the chemicals needed,
respectively. Consequently, analyzing the initial cost of mineral
carbonation of red gypsum suggests that the energy consump-
tion and cost are minimized at the optimum L/S ratio.
Fig. 8 shows a schematic for the carbonation process for
sequestration of one t of carbon dioxide. As discussed before,
approximately 1.251 t of by-product red gypsum, 2.72 t of
H2SO4, and 4.62 t of NH3 solution are needed to sequester 1 t of
CO2. Consequently, 0.792 t of CaCO3 are produced as the main
product during mineral carbonation process of by-product red
gypsum. In addition, 0.086 and 0.350 t of the rst and second
products are collected, respectively. The sum of the all obtained
products is 1.228 t, which is close to the preliminary amount of
red gypsum used. Additionally, the reaction products have a
marketable value in construction (see SID5), agriculture and
other industries as they are essentially clean calcium carbonate.This journal is © The Royal Society of Chemistry 2014
Table 2 The rate of CO2 uptake in the system based on the eﬀect of variables
CO2
Variables
T (K) L/S (ml g1)
298.15 323.15 333.15 348.15
10 30 100 20025 (C) 50 (C) 60 (C) 75 (C)
CO2 in–out (%) 7 15 15.8 10.4 15.8 13.9 9.8 11.9
CO2 uptake (mmol g
1) 1.41 2.78 2.85 1.79 2.85 2.50 1.76 2.14
CO2
Variables
n (rpm) d (mm)
100 200 300 400 <75 75–125 125–200 >200
CO2 in–out (%) 8.9 11.9 14.35 15.8 15.8 10.8 7 4.8
CO2 uptake (mmol g
1) 1.60 2.14 2.58 2.85 2.85 2.01 1.26 0.86
Fig. 8 The scheme of carbonation process and energy consumption
for sequestration of one tonne CO2.
Fig. 9 Chart diagram of total cost of 1 tonne CO2 sequestration for
mineral carbonation of by-product red gypsum.
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View Article OnlineThe amount of energy consumed in each step of the
carbonation process is shown in Fig. 8. On a larger scale, the
precipitation step consumes 10.77 kW h t1 energy in mineral
carbonation, which is 92.34% of the total energy consumption.
This step is considered to be the highest consumer of energy in
the mineral carbonation process of red gypsum. Aer that, the
steps of transportation and crushing use second and third
highest amounts of energy.
The total cost of energy consumed for one t CO2 sequestra-
tion is given in SID6 and SID7. The highest cost is related to the
precipitation step needed for this carbonation process is closeThis journal is © The Royal Society of Chemistry 2014to 92.66% of the total cost. Therefore, the total cost of 1 t of CO2
sequestration by mineral carbonation of by-product red gypsum
is 62.35 US$ (Fig. 9).
To make a complete estimate of the CO2 mass balance,
should this process be adopted commercially, it is important to
account for the embedded CO2 associated with the reactants
consumed. A reasonable estimate of the CO2 embedded in NH3
would be 2 tonne CO2 generated per tonne of NH3 synthesized.
This is mid-way in the range (1.6 to 3.2 t t1) quoted by the
Intergovernmental Panel on Climate Change review of the
ammonia and nitrate fertilizer industries published in 2006.
As discussed before, the amount of produced waste in the
mineral carbonation process is considerable. Therefore, the
waste that is produced needs to be reused in order to diminish
environmental impacts. Moreover, reuse of products such as
construction materials, could decrease the cost of CO2 seques-
tration by selling them. However, there is a limitation to the
reuse of products due to their small grain size. Alternatively,RSC Adv., 2014, 4, 45548–45557 | 45555
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View Article Onlinecements need very ne particle sizes for additives. It could be
suggested that the products could be reused as cement addi-
tives to reduce the environmental impact and the cost of the
carbonation process.
The eﬃciency of CO2 sequestration of the mineral carbon-
ation process is dened on the basis of the amount of CO2
sequestered in the carbonation reactor (CO2 sequestrated) and the
net overall amount of CO2 sequestered by the mineral carbon-
ation process (CO2 avoided).14 The extra emission associated with
the mineral carbonation process is determined by the power
and heat consumption of the process. The total power and heat
consumptions are 24 and 11 kW h per t CO2 sequestrated,
respectively. Based on electricity source, total CO2 emission of
inputs in mineral carbonation of red gypsum is 15.08 kg CO2
per t CO2 sequestrated. Therefore, the cost of CO2 avoided for
mineral carbonation of red gypsum is 66.82 US$ per t
CO2 avoided, respectively (see SID).
To verify the rate of sequestrated, total dissolved inorganic
carbon (TDIC) was determined as carbon in a gas sample taken
from gas-tight cylinder and in a sample aer mineral carbon-
ation process. The amount of TDIC (i.e., 3.9  105 mmol) was
calculated by applying Henry's law considering the known
volumes of headspace and solution (see SID). The amount of
TDIC is too small and the eﬀect of this amount on the rate of
CO2 uptake is not considered.Environmental issues
There are three main environmental issues associated with the
mineral carbonation process of by-product red gypsum:
(1) Production of a lot of waste during carbonation process.
(2) Presence of impurities in the feedstock and CO2.
(3) Eﬀect of cost in choosing feasible technique for the
carbonation process.
As discussed before, 0.086 t of the rst waste product is
produced by sequestrating 1 t of CO2 via the mineral carbon-
ation of red gypsum. This amount also involves some impuri-
ties, which are not dissolved in sulfuric acid dissolution step. In
addition, selecting the mineral carbonation technique should
be feasible based on cost because the carbonation process with
the lowest cost could possibly increase the environmental
impact. As a result, the rst product, which is rich in TiO2, can
be reused as a construction matter in the roads, chemical
manufacturing plants, nuclear power plants, and heating–
cooling systems. Additionally, the second product could be
applied in the iron factory due to high amount of Fe. Further-
more, the third product (CaCO3) and rest solution [(NH4)HSO4]
are used in the agriculture and TiO2 factories, respectively.
Therefore, the eﬀect of two rst environmental issues could be
resolved as discussed.
There is a remarkable possibility of reusing the products of
mineral carbonation of red gypsum in construction, which
positively inuences the environmental impact. For example,
the characterizations of construction could be improved by the
use of products obtained via carbonation process. The use of
feedstocks such as red gypsum in concrete and asphalt is
hindered by hydration of CaO (and as well MgO in other45556 | RSC Adv., 2014, 4, 45548–45557feedstocks). Therefore, the mineral carbonation of red gypsum
causes the conversion of CaO to CaCO3 and prevents this
problem, which is considered an advantage for environmental
impacts.
In addition to its GHG eﬀects, CO2 sequestration presents
another environmental issue. In the case of natural minerals,
large-scale excavation of mines has a considerable environ-
mental impact. However, for industrial by-products such as red
gypsum, this eﬀect is negligible because no mining is needed.
Low cost and energy required in the use of by-product red
gypsum were considered to be impressive advantages for CO2
sequestration process. Therefore, acceptable cost and energy
required conrmed that using this feedstock is also applicable
and feasible for mineral carbonation process.
Conclusions
By performing the dissolution and carbonation experiments of
red gypsum samples in two stages, the applicability and feasi-
bility of this process were initially investigated for CO2 mineral
carbonation:
(1) At the end of the carbonation experiment, CaCO3 was
produced from the reaction of CO2 and Ca-rich solution. It was
determined that precipitation of CaCO3 using red gypsum is
completely feasible and applicable for mineral carbonation
process.
(2) Wide-range conditions of procedure variables such as
temperature, particle size, stirring rate, and liquid to solid ratio
were investigated in these experiments. By considering the
optimum amount of these variables, the maximum amount of
Ca conversion was determined.
(3) The low cost and small amount of energy required in the
use of red gypsum were considered to be impressive advantages
of the CO2 sequestration process. Therefore, the acceptable
costs and energy required for the mineral carbonation process
of red gypsum conrmed that using red gypsum is also appli-
cable and feasible for mineral carbonation process without any
considerable environmental impact.
(4) The main environmental issue was related to production
of impurities in the rst and second waste products for
sequestration of 1 t of CO2 using the mineral carbonation
process of red gypsum. This environmental impact could be
reduced by reuse of these products in industries and factories.
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